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Abstract 

Almost all bees collect nectar and pollen from flowers. Female bees collect pollen to provision their nest cells, whereas they 
use nectar for individual energy supply and nest cell provisioning. Bees fine-tune nectar foraging to the amount and to the 
concentration of nectar, but the individual bees' response to variability of amount and concentration of pollen reward has 
not yet been studied thoroughly in laboratory settings. We developed an experimental set-up in which bumblebees 
simultaneously collected sugar solution and pollen from artificial flowers; natural pollen was mixed with cellulose powder or 
glass powder as a pollen surrogate. Here we show that bumblebee [Bombus terrestris) workers do not specialise in nectar or 
pollen collection, but regularly collect both rewards on the same day. When offered a fixed pollen reward and varied 
amounts and concentrations of sugar solution, the bumblebees fine-tuned sugar solution foraging dependent on both the 
volume and concentration, with strong preferences for the highest concentration and the greatest volume. In the reciprocal 
tests, when offered a fixed sugar reward and varied amounts and concentrations of pollen mixed with a nutrient-free pollen 
surrogate, the bumblebees follow more an all-or-none rule for pollen, accepting all amounts and concentrations except 
pure surrogate. It is discussed how the bumblebees' ability to sense sugar, and their apparent inability to sense the pollen 
protein content, shaped their foraging behaviour. It is argued that the rarity of nectar mimicry and the frequency of pollen 
mimicry in natural flowers might be interpreted in the context of divergent abilities of nectar and pollen recognition in bees. 
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Introduction 

For social bees, the gathering of nectar and pollen is essential for 
the maintenance and growth of the colony [1]. Nectar is the source 
of energy for the queen and the workers, whereas pollen supplies 
protein for the developing larvae, freshly emerged workers and the 
queen [2-4]. Nectar foraging has been thoroughly studied, 
particularly in honeybees [5,6]; however, these studies mosdy 
focus on recruitment behaviour [7,8], division of labour [9-14], 
learning [15-17] and mathematical modelling [18-21] but rarely 
studying nectar foraging in comparison to pollen foraging. Tests 
have shown that foraging for nectar and pollen in eusocial bees is 
regulated by storage levels [14,22-25] to different degrees. When 
nectar reward is declining, bumblebees are more ready than 
honeybees to search for new nectar sources [26] . However when 
the colony has some nectar and pollen stores, it is not known how 
the worker bees allocate their nectar- and pollen-foraging activities 
related to the quantity and quality of the available floral resources. 

In this study, we examined for the first time the pollen and 
nectar collecting behaviour of individual bumblebees {Bomhus 
terrestris) with respect to different quantities and qualities of both 
main floral resources when offered simultaneously in an array of 
artificial flowers. While it is known that the bumblebee colony - 
like all social insect colonies - is based on the division of labour 
[27], it is not clear whether workers specialize in foraging for only 



one resource and how pollen and nectar foraging are interdepen- 
dent. However it has been shown that the division of labour in 
honeybees is characterized by changes in the tasks they perform as 
they age [28] and that bumblebees are more able to forage on 
protein-rich pollen sources than honeybees [29] . Besides collecting 
nectar, all worker bees are morphologically and behaviouraUy able 
to collect poUen and carry pollen loads back to the nest. The 
flowers of many plants offer both nectar and pollen. Nectar is 
collected exclusively by the nectar-sucking activity of the workers, 
whereas pollen is collected actively by buzzing [30] or other 
movements [31] as well as passively during flower handling. Bees 
can assess the nectar reward by simply sensing the sugar molecules 
[32,33], whereas the bees' capabilities to assess pollen sources 
while foraging are not well understood. Although pollen specialist 
bees can identify the pollen of their host plant species or family by 
odour [34], no general key substance of pollen has been identified 
[35]. The free amino acid proline is very common in poUenkitt 
[31,36,37] and represents a potential chemical cue used by syrphid 
flies to identify pollen [38]. Despite the fact that bees recognise and 
prefer nectar enriched with proline [39] there is no report about 
proline being a key substance of pollen detection for bees. 
Although bees might be able to taste proline they are unable to 
smell proline at concentrations that occur in flowers [40]. The 
apparent inability of bees to assess pollen reward is probably due, 
at least in part, to the fact that the protein molecules are deposited 
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in pollen grains whicli are completely covered by a resistive wall of 
sporopoUenin [31,41]. This means that nutrients can only be 
sensed by bees direcdy if pollen grains are broken open by the 
mandibles or during digestion [42]. Based on this knowledge, we 
infer that bumblebee workers can more easily discriminate 
between different qualities of nectar than of poUen. 

We set up laboratory experiments to compare bumblebee 
foraging rules for nectar and pollen and their ability to respond to 
variation in both the quantity and quality of rewards. First, we 
monitored the foraging specialization of individual bumblebees 
with respect to poUen and nectar substitute over several weeks. 
Second, we assessed the forager responses to being simultaneously 
offered variation in nectar and pollen quality. Nectar reward was 
simulated using a sugar solution diluted with water, and pollen 
reward was simulated by washed and dried honeybee-coUected 
pollen diluted with dyed cellulose powder. Third, we observed the 
pollen and nectar foraging behaviour of individual bumblebees in 
an array of artificial flowers each offering either nectar or pollen. 
Nectar reward was simulated using a sugar solution diluted with 
water and the pollen reward was hand-collected Pinus pollen 
diluted with glass powder. We tested 2x2 reciprocal foraging 
scenarios: 1) fixed nectar reward and pollen reward varying in 
pollen quantity, 2) fixed nectar reward and pollen reward varying 
in pollen quality, 3) fixed pollen reward and nectar reward varying 
in nectar quantity and 4) fixed poUen reward and nectar reward 
varying in nectar quality. As both, cellulose powder and glass 
powder are odourless, inert and indigestible substances we were 
able to use this experimental paradigm to determine the 
bumblebees' response to amount and concentration of sugar and 
pollen. We were particularly interested in testing the hypothesis 
that the bumblebees' apparent inability to sense the nutitional 
value, i.e. the protein content of poUen grains, affects their poUen- 
foraging behaviour as compared to their nectar-foraging behav- 
iour. This hypothesis predicts that bumblebees respond more 
sensitively to varying sugar concentrations than pollen concentra- 
tions. 

Materials and Methods 

Bumblebee keeping 

The study was conducted from January to September 201 1 with 
three successive laboratory colonies of the buff-tailed bumblebee 
[Bombus terrestris). These were obtained from commercial breeders; 
the first one from Koppert B.V. (Netherlands) and the subsequent 
two from re-natur GmbH (Germany). The colonies were delivered 
in a plastic cage set in a cardboard box ready for placement. This 
box was connected to a transparent Perspex feeding box 
(LxWxH = 40x40x80 cm) by a transparent Perspex tunnel. 
The bumblebees were fed 30% sugar solution (diluted Apiinvert 
and BiOGLUC respectively, included in the colony dehvery and 
consisting of a sugar solution, a preservative and a colouring agent) 
by transparent 5 ml plastic syringes accessible to foragers only by 
flying (Fig. 1). Honeybee-coUected pollen was washed three times 
with water, air-dried and offered as a dry powder in Eppendorf 
tubes. To render the poUen accessible to the bees, the bottom of 
the tube was cut and the aperture was barred with pieces of thread 
which were fixed to the tube with tape. A barred dish was placed 
underneath the feeder to collect surplus poUen and to enable the 
bees to land (Fig. 1). Bumblebee workers collecting poUen or sugar 
solution were captured and individually marked with numbered 
Opahth tags. 




Figure 1. Bumblebees collecting resources from artificial 
feeders. A: Bumblebee drinking sugar solution from a 5 ml syringe 
with a cut tip. More than one worker can collect sugar solution from 
one feeder simultaneously. B: Bumblebee gathering pollen from a 
modified Eppendorf tube. By buzzing while placed underneath the 
tube, the worker loosens pollen from the tube which accumulates on 
her ventral side from whence she is able to pack it into her corbiculae. 
doi:1 0.1 371/journal.pone.0091 900.g001 

Experimental setups 

Individual foraging tasks. In this experiment the nectar- 
and poUen-foraging activities in the feeding box of 48 individually 
marked foragers of the first colony were monitored for 4 1 days 
between 4'*^ February and 27* March in 2011. The daily 
observation time was between 11:00 and 18:00 CEST continu- 
ously. In addition, the foraging flights of the 48 bumblebee 
workers were counted for 1 hour (from 1 1:00-12:00) on 5 different 
days. Food, sugar solution (27% by weight) as well as washed and 
dried honeybee-collected pollen, was provided to bees at 1 1 :00. 
The amount of sugar solution and pollen offered was adjusted to 
colony storage levels to prevent the bumblebees from overstocking 
either resource, varying between 10 and 25 ml of sugar solution 
and 1 and 2 g of pollen, respectively. Supply of pollen and sugar 
solution was reduced, if more than approximately 10% of the 
visible nest cells were fiUed with poUen and honey respectively. 
Although nectar forager recruitment decreases when more than 
5% of the visible honeypots are filled [43], a higher threshold was 
chosen as observation had shown that pollen was only very rarely 
collected while less than 5% of the visible honeypots were filled. 
While honey stores were higher than approximately 5%, more 
bumblebees collected pollen which was a prerequisite for our tests. 
Since nest cells were quickly filled with honey, the 5 nectar feeders 
were offered consecutively with only 2 feeders at one time in order 
to provide sugar solution during most of the observation time. The 
5 poUen feeders were offered simultaneously and refilled after 
being emptied by the bumblebees, because only relatively few nest 
cells were filled with poUen. Although the colony was beginning to 
decline, the queen was alive and laying (few) eggs until the end of 
the observation period. No young queens (gynes) or males were 
produced. 

Collective foraging on resources varying in quality. In 

this experiment the second bumblebee colony was offered 5 nectar 
feeders and 5 pollen feeders simultaneously in the feeding box 
(Fig. 2) from 1 1:00 for a varying length of time in the course of one 
month. The nectar feeders were modified syringes and offered 
5 ml of sugar solution each in various concentrations. Syringes 
with 36%, 27%, 18%, 9% and 0% sugar solution (per cent by 
weight; Biogluc diluted with water) was offered simultaneously. 
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The pollen feeders (described above) were plastic dispensers 
combined with a dish covered by a gauze in order to accumulate 
any pollen lost during pollen collection by the worker bees, and 
ofiered 1 ml of poUen each in different concentrations (100%, 
75%, 50%, 25% and 0% poUen percent by volume; washed and 
dried honeybee-collected pollen diluted with cellulose powder 
previously dyed with sugar-free food colouring to resemble the 
colour of pollen) was offered simultaneously. Washed honeybee- 
coUected pollen was used as it contains a variety of poUen suitable 
to provide the colony with protein. Cellulose powder was used 
because larval development would not be impaired even if workers 
collected it in large amounts and it has been used in previous 
studies to produce varying poUen qualities [25,44]. The weight per 
unit volume of washed and dried poUen exceeded that of cellulose 
powder by a factor of 4 (the specific weight of washed bee-coUected 
pollen was 0.5 g/ml; that of dyed cellulose powder amounted to 
0.125 g/ml). In two tests, the amount of sugar solution and pollen 
surrogate, respectively, collected from each feeder was measured 
at different points in time: To test whether bumblebees are able to 
distinguish, and hence prefer, the highest resource quality we 
interrupted foraging and thus ended the trial when the bumble- 
bees had just emptied the first feeder and measured the amount of 
both resources collected. Following this, all feeders were replen- 
ished to start the next trial: 76 trials on 14 non-successive days for 
sugar solution and 12 trials on five non-successive days for poUen. 
To ascertain whether bumblebees differentiate between different 
concentrations of resources, we measured the amount of each 
resource left in the feeders when the bumblebees ceased collecting 
it after several hours of foraging ad libitum. A total of 1 1 trials for 
sugar solution and 3 trials for pollen were performed towards the 
end of the daily foraging period (after several trials in which 
foraging was interrupted when the first feeder was emptied); again, 
all of the feeders were refilled before the trial. 

Individual foraging on resources varying in both quality 
and quantity. This experiment was performed over three 
months with individual bumblebee workers from the second and 
third colony using a vertical artificial "flower meadow", a grey 





Figure 2. Experimental set-up for bees able to collect both 
sugar solution and pollen from artificial feeders. Bumblebees 
foraging for sugar solution from modified syringes and pollen from 
feeders in the feeding box. Diluted sugar solution is offered in following 
concentrations (from left to right: 0%, 18%, 36%, 27%, 9%). Blends of 
washed honeybee-collected pollen and cellulose powder are offered in 
following concentrations (from left to right: 0%, 25%, 100%, 75%, 50%). 
doi:1 0.1 371/journal.pone.0091 900.g002 



polyvinyl chloride (PVC) wall on which 42 artificial flowers were 
presented. Individual workers on their way to the feeding box were 
taken from the tunnel and allowed to forage on the flower meadow 
containing 21 yellow and 21 orange flowers (Fig. 3) ad libitum 
(which took up to 18 minutes) before being released into the tunnel 
to return to the nest. We only tested workers that had previously 
been observed foraging for sugar solution or poUen in the feeding 
box on the same day. The artificial flowers (henceforth called 
flowers) were made of circular blue EVA foam sheet (0 30 mm) 
equipped with a small bunch of yellow or orange coloured chick 
feathers and a cut pipette tip. Flowers with a bunch of yellow 
feathers offered pollen in variable quantity or quality, applied onto 
the feathers, whereas flowers with orange coloured feathers offered 
nectar in variable quantity or quality contained in the cut pipette 
tip. The spatial arrangement of the two flower types on the wall 
was pseudo-randomized. Previously visited flowers were not 
refilled during the trial but replaced by fresh ones after each trial. 
Four series of tests were carried out, each of them comprising five 
tests with different quantities or qualities of one resource and a 
standard reward of the other resource (Table 1). In the two series 
of tests in which nectar quantity and nectar quality were varied, 
1 ml of pure Pinus pollen (i.e. ~0.05 ml pollen per flower) was used 
as a standard "pollen" reward. The nectar quantities tested were 
210 |il; 105 |il; 52.5 nl; 21 nl; 0 |il of 45% sugar solution (i.e. 
10 |il; 5 |xl; 2.5 |il; 1 (il; 0 |il per flower). The nectar qualities 
tested were 60%; 45%; 30%; 15%; 0% sugar solution diluted with 
water; the original BlOGLUC sugar solution was 60%. In the two 
series of tests in which poUen quantity and pollen quality were 
varied, 210 |ll of 45% sugar solution (i.e. 10 |xl sugar solution per 
flower) was used as a standard nectar reward. The poUen 
quantities tested were 1 ml, 0.5 ml, 0.25 ml, 0.1 ml, 0 ml of pure 
Pinus pollen evenly distributed to all of the 21 flowers. The specific 
weight of Pinus pollen was 0.4 g/ml. The pollen qualities tested 
were 100%, 75%, 50%, 25%, 0% Pinus poUen diluted with glass 
powder (W'orf Glaskugeln GmbH). The glass beads had an 
average diameter of 50 \lm. A blend of Pinus pollen and glass 
beads has been used in previous studies (Lunau & Piorek, Lunau & 
Goertz, both unpublished) and was used in this experiment as it 
could easily be applied to the feathers of the artificial flowers and 
the bumblebees could pack it into their corbiculae more easily 
than the blend of washed bee-collected pollen and cellulose 
powder. Although Pinus is primarily wind-pollinated, bumblebees 
collected its pollen from a feeder or an artificial flower. It is also 
known that honeybees readily collect Pinus pollen [45]. The 
development of the bumblebee colony was obviously not affected 
by collecting Pinus pollen by some workers, probably because the 
colony was also fed with honeybee collected pollen and/or the 
nutritional value of Pinus poUen is sufficient. 

In total 41 workers were tested in 199 individual trials (mean 
trials/ worker =4.85±0.72 SE, maximum number of trials/ 
worker = 16 different trials) meaning that each worker was not 
tested for all combinations of rewards. In their first trial each 
bumblebee was initially released at an orange flower offering sugar 
reward, learning in the course of their first trial — by visiting both 
colours of flowers - that orange coloured flowers offered sugar 
solution and that yellow flowers ofiered pollen. All bees visited 
both colours of flowers at least once in their first trial. For each 
trial, we recorded the number of flowers of each type visited, i.e. 
every time during a bumblebee tasted, sampled or collected the 
reward offered by the flower. Approach flights, without direct 
contact to the reward, were not counted. After each trial, we 
calculated the amount of rewards collected by measuring the sugar 
solution left in the pipette tips and weighing the pollen taken from 
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Figure 3. Bumblebees gathering resources from artificial 
flowers. A: Bumblebee collecting sugar solution from an artificial 
flower. The worker gathers sugar solution from a transparent plastic 
tube right above the orange-coloured feathers. B: Bumblebee buzz- 
collecting pollen from a bunch of yellow feathers; note the blurring of 
the wings caused by vibrations. 
doi:1 0.1 371 /journal.pone.0091 900.g003 

one of the bee's corbiculae (this assumes that the pollen quantity is 
the same in both corbiculae). 

We analysed the data of the collective foraging on resources 
varying in quality experiment using Anova and Tukey's HsD-test 
in R (v2.12.1) [46]. The individual foraging on resources varying 
in quality and quantity experiment was analysed using repeated 
measures Anova and pairwise comparisons using paired t-tests 
with Bonferroni correction. 

Results 

Individual foraging tasks. We monitored the foraging 
behaviour of 48 individually marked bumblebees for 20 to 41 
days on a daily basis. All 48 bumblebees collected sugar solution at 
least on one day, and 41 individuals also collected pollen at least 
on one day. On average a worker collected sugar solution on 63% 
of the days, pollen on 6% of the days, both sugar solution and 
pollen on 15% of the days, and did not forage at all on 16% of the 
days (Fig. 4A). Adding aU foraging tasks per worker for the entire 
period of time shows that only few bumblebees (15%) consistendy 
collected only sugar solution, while the majority of bumblebees 
(85%) generally collected both sugar solution and pollen. None of 
the workers collected only pollen in the observation period 
(Fig. 4B). Counting the foraging flights of the 48 individual workers 
for 1 hour beginning at 1 1 :00 on 5 different days showed that the 
workers made up to 11 foraging trips per hour (mean number of 
foraging trips/ hour =4.18±0.19 SE). No bumblebee collected 
only poUen during this one hour of observation. 

Collective foraging on resources varying in quality. This 
experiment showed that bumblebees significantly preferred the 
feeder offering the highest concentration of sugar solution as well 



as of pollen (Fig. 5A, Table 2). In all trials (n = 76), the first sugar 
solution feeder emptied contained the 36% solution. At this point 
in time, only 7 % of the sugar solution from the other feeders had 
been collected. When bumblebees stopped foraging for sugar 
solution (n = 1 1 trials), they left 97% of the 0% sugar solution, 89% 
of the 9% sugar solution, 21% of the 18% sugar solution and 1% 
of the 27% sugar solution (Fig. 5B). In all trials (n= 12), the first 
poUen feeder emptied was oflFeriiig 100% pollen. At this point in 
time, already 24% of the poUen/poUen surrogate from the other 
feeders had been collected. When bumblebees stopped foraging 
for pollen (n= 3), they only left 87% of the pure cellulose powder 
(i.e. 0% poUen: Fig. 5B). 

Individual foraging on resources varying in both quality 
and quantity. In this experiment the standard sugar solution 
reward (10 |il 45% sugar solution per flower) was collected by all 
of the 39 bumblebees tested in the series of tests with varying 
poUen reward. 22 out of 23 individuals collected the standard 
poUen reward (0.05 ml pure Pinus poUen per flower) in the series of 
tests with varying sugar solution reward. In the trial offering both 
the standard sugar solution and pollen reward (which is included 
in all four series of tests), 16 out of 17 bumblebees collected both 
sugar solution and pollen. 

When the standard pollen reward was offered, both the amount 
of sugar solution collected and the number of sugar-rewarding 
flower visited depended on the quantity and quality of the reward 
offered (Fig. 6, Table 2). The amount of pollen collected was also 
affected by nectar and pollen rewards offered. Bumblebees 
exhibited a tendency to collect pollen instead of sugar solution, 
if the quantity of sugar solution reward was either extremely high 
or low. Particularly, in the absence of sugar solution reward, 
bumblebees collected less pollen. When the standard nectar 
reward was offered, the amount of pollen collected and the 
number of poUen-rewarding flowers visited correlated with the 
quantity and quality of the pollen available, but the nectar- 
foraging behaviour was not affected (Fig. 7). 

Discussion 

The individual foraging tasks experiment indicates that only 
very few bumblebees specialize in collecting only one resource 
(sugar solution), with most workers gathering sugar solution and 
poUen. As the offer of food and storage levels were kept constant, 
the workers appeared to randomly collect nectar and/or pollen. 
Still there might be a certain pattern [47] - similar to the age 
polyethism tasks in honeybees [28] - if observed over a longer 
period. But unlike honeybees that store a large quantity of honey 
for the winter, bumblebees keep low storage levels to avoid theft of 
honey by mammals [27], which causes a need for flexibility in the 
foraging workers' tasks. Switching between different foraging tasks 
may be facilitated by using the same strategy for optimizing nectar 
and pollen foraging as recent studies with honeybees show that 



Table 1. Combinations of rewards in the individual foraging on resources varying in both quality and quantity experiment. 





Series of tests 


Varied reward 


Standard reward 


Sugar solution quantity 


210 105 III; 52.5 nl; 21 nl; 0 (il sugar solution (45%) 


1 ml 100% pollen 


Sugar solution quality 


60%; 45%; 30%; 15%; 0% sugar solution (210 ^1) 


1 ml 100% pollen 


Pollen quantity 


1 ml; 0.5 ml; 0.25 ml; 0.1 ml; 0 ml pollen (100%) 


210 ^1 45% sugar solution 


Pollen quality 


100%; 75%; 50%; 25%; 0% pollen (1 ml) 


210 [il 45% sugar solution 



Quantity and quality of sugar solution and pollen rewards offered simultaneously in four series of tests, each of them comprising five tests with a varied reward - 
different quantities or qualities - of one resource and a standard reward of the other resource. 
doi:l 0.1 371/journal.pone.0091 900.t001 
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Figure 4. Summary of foraging behaviour for 48 tagged bumblebee worliers. A: Mean amount of days that the bumblebee workers 
perform specific foraging tasks. Each bumblebee was observed on 20-41 days (mean number of days observed =26.52±1.29 SE). Note that while 
collecting pollen, bumblebees also gathered small amounts of sugar solution to pack the pollen; the column "pollen" thus excludes foraging bouts 
just for sugar solution. B: Summary of all foraging tasks performed by each bumblebee in the course of the observation period. 7 bumblebees only 
ever collected sugar solution, 41 bumblebees collected sugar solution, pollen, or both sugar solution and pollen on different days. 
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Figure 5. Average amount of resources collected from each feeder when the first feeder was emptied and when bees ceased 
foraging. A: Bumblebees emptied the first feeder: n = 76 trials with sugar solution; n = 12 trials with bee-collected pollen (Anova: F4.355 = 2.1 30,9; 
p<0,001 for sugar solution; F4.55 = 1 38,1 7; p<0,001 for pollen). B: Bumblebees stopped foraging: n = 1 1 trials with sugar solution; n = 3 trials with bee- 
collected pollen (Anova: F4.io5= 146,39; p<0,001 for sugar solution; no statistical analysis of data for pollen due to small sample size). Both sugar and 
pollen rewards were offered in 5 different qualities: sugar solution quality 1 =0%; 2 = 9%; 3 = 18%; 4 = 27%; 5 = 36% sugar diluted in water; pollen 
quality 1 =0%; 2 = 25%; 3 = 50%; 4 = 75%; 5 = 100% washed honeybee-collected pollen blended with dyed cellulose powder. Data presented are 
mean values and upper standard deviations. Different letters above columns indicate significant differences at p<0.001 from Tukey's HsD-test. 
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Table 2. Statistical Analysis of the Individual foraging on 
resource varying in quality and quantity experiment. 




Figure 


Series 


rm Anova 


P 


FurtKier test 


6 A 


Sugar solution 


F4;34 = 35.1 


<0.001 


Paired t-tests 




Pollen 


F4,34 = 0.4 


0.818 


- 


6 B 


Sugar solution 


F4;34=11.8 


0.001 


Paired t-tests 




Pollen 


F434 = 0.8 


0.531 


- 


6 C 


Sugar solution 


F4,38 = 43.5 


<0.001 


Paired t-tests 




Pollen 


F4,38 = 9.4 


<0.001 


Paired t-tests 


6 D 


Sugar solution 


F4,38 = 37.9 


<0.001 


Paired t-tests 




Pollen 


F4;38=2.6 


0.051 


- 


7 A 


Sugar solution 


F4;31=2.2 


0.093 
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Results of the repeated measures Anova applied to the series of tests of 
individual foraging on resources varying in quality and quantity experiment 
shown in Figs. 6 and 7. 
doi:l 0.1 371 /journal.pone.0091 900.t002 



nectar- as well as pollen-foragers learn odour-mediated responses 
[48]. However, sucrose sensitivity may change during the time 
period in which honeybees collect nectar or pollen, causing an 
altered response to nectar rewards [14]. Recent studies on Bomhus 
impatiens suggest that many foragers specialise to some degree in 
pollen or nectar foraging depending on the first foraging trips, but 
may switch if storage levels change [49] . A major methodological 
difference between our study and that of Hagbery and Nieh [49] is 
the pollen reward offered. Whereas in our study the pollen was 
washed with water and not ground, Hagbery and Nieh employed 
grinding of bee-collected pollen. The bumblebees might need less 
nectar if the regurgitated nectar from the honeybees' pollen 
collection is still covering the pollen. In addition the pollen might 
taste sweeter than pollen that has been washed and hence 
influence foraging decisions. Moreover substances that are 
shielded by the pollen wall in intact pollen grains might become 
accessible to bees in ground pollen. 

The collective foraging on resources varying in quality 
experiment indicates that bumblebees are able to detect, and 
hence prefer, the highest quality of both sugar solution and pollen 
if different concentrations are offered simultaneously. However 
while bees effectively refused to collect sugar solution containing 
less than 10% sugar, they readily collected pollen from all feeders 
when blended with cellulose powder (they only left the pure 
cellulose powder in feeders). The results of Robertson et al. [50], 
who tested the bumblebees' ability to discriminate among plants 
on the basis of poUen quality (using Mimulus guttatus which is 
polymorphic for the percentage of cytoplasmless, inviable pollen 
grains), correspond with our findings. As long as pollen is 
abundant (due to low rates of visitation and fiUed feeders, 
respectively), the bees differentiate between pollen qualities, but 
when pollen becomes scarce (based on high density of foraging 
bees and decreasing amount of poUen in feeders, respectively), the 
bees cease to distinguish based on pollen quality. Mapalad et al. 



[44] have demonstrated that the thoracic temperature of 
bumblebee foragers is linked to pollen quality; however they used 
frozen pollen (probably collected by honeybees), which was 
ground without being washed suggesting that bees might have 
responded to the amount of regurgitated nectar present rather 
than the protein content. These authors also state that 25% and 
50% pollen was rarely collected by bumblebees even without 
simultaneous offer of pollen of a higher quality [44]. This might be 
because they mixed bee-collected pollen and powdered cellulose 
by mass instead of volume - resulting in a smaller percentage of 
pollen per unit volume due to the much lower specific weight of 
cellulose powder compared to bee-collected pollen. As shown by 
Kitaoka and Nieh [25], pollen of diflferent quality (mixture of 
washed bee-collected pollen and cellulose powder) positively 
influences the number of foragers exiting the nest. Their study 
also revealed that intranidal factors, like pollen storage levels and 
pollen odour, significantly affect pollen foraging. As the brood 
mainly determines the need for pollen, we made sure that pollen 
storage levels were consistently low to minimise the impact of these 
factors on bumblebee foraging decisions (see Material and 
Methods). Our results indicate that bumblebees follow different 
foraging rules for nectar and pollen collection. Whereas nectar 
foraging is focused on the highest concentrated source, pollen 
foraging includes all concentrations except the pure surrogate 
(cellulose powder with no pollen). The bumblebees' response to 
variation of pollen quality could be caused by either physical or 
chemical properties of the pollen / poUen-surrogate blend. 
Physical properties of the pollen blends were caused by the lower 
specific weight of cellulose powder compared to pollen and size 
and form of the cellulose particles; indeed we observed that the 
bumblebees needed more time and effort to collect pollen blends 
with a high cellulose percentage. Chemical properties of the pollen 
blends include olfactory and gustatory stimuli on the poUen surface 
as well as within the pollen grains. It is thus possible that 
bumblebees used the amount of olfactory and gustatory stimuli 
from the pollen surface as an indicator of poUen quality. We 
assume that bumblebees were unable to sense the protein content 
of pollen, which would require pollen consumption, breaking up 
pollen grains, and a protein taste receptor; however, we could not 
observe that the bumblebees feed on the pollen blends while 
collecting. 

The pollen foraging behaviour seems to be shaped by the 
bumblebees' probable inability to sense the quality of pollen 
rewards as compared to the ability to sense tiie quality of nectar 
reward. It is unlikely that washing the honeybee-coUected pollen 
prevented bumblebees from perceiving pollen quality as the 
protein content is locked inside the pollen grain [31]. Due to their 
limited ability to chemically sense the nutritional value of pollen 
[40,51], bumblebees might rely on other sensory modalities such 
as vision. Indeed, Lunau [52,53] regards the large number of 
plants that display visual pollen- and stamen-mimicking structures 
as related to the absence of chemical cues to identify pollen. In 
addition, if tactile cues were important for the recognition of 
pollen, foraging bumblebees might have been able to determine 
pollen quality, because poUen and cellulose powder are likely to 
feel different. However, since bumblebee workers regularly eat 
pollen [54], pollen foragers might be able to evaluate pollen 
quality. Observations of the gut content confirm pollen ingestion 
by bumblebees foraging for pollen in laboratory conditions 
(personal observations). 

The individual foraging on resources varying in both quality 
and quantity experiment demonstrates that individual workers do 
not specialize in collecting either nectar or pollen as most 
bumblebees foraged for both resources (84.2%, 32 of 38, bees 
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Figure 6. Nectar and pollen collection by individual bees when nectar rewards vary in quantity or quality. Collecting behaviour is 
defined by the amount of reward collected (A, C) and the number of flowers visited (B, D). In each trial, 21 flowers offered a specific amount and 
quality of pollen, and 21 flowers offered a specific amount and quality of sugar solution. Both types of rewards were evenly distributed among the 21 
flowers, respectively. The pollen reward was always 1 ml of 1 00% Pinus pollen, offered simultaneously with either 1 of 5 different quantities of 45% 
sugar solution (A, B) or 1 of 5 different qualities of 21 0 nl sugar solution (C, D). n = number of bumblebees tested per combination. Data presented 
are mean values and upper standard deviation. Different letters indicate significant differences at p<0.001 from pairwise comparisons using paired t- 
tests with Bonferroni correction. 
doi:1 0.1 371 /journal.pone.0091 900.g006 



collected both rewards at least once when tested for varied 
amounts of rewards except for 0 [ll sugar solution and 0 ml pollen; 
15.8%, 6 of 38, bees collected only sugar solution). Bumblebee 
sugar solution and poUen collection behaviour probably has two 
components: first, the mean number of flowers visited shows bees' 
readiness to collect a certain reward and can be seen as a measure 
of attractiveness, and thus a measure of reward evaluation. 
Second, the bumblebees' evaluation of the reward is also indicated 
by the average amount of reward collected. Both factors are 
needed to infer the bumblebees' evaluation of the varying rewards 
as the number of visited flowers is no suitable measure when the 
quantity of a reward per flower is sufficiently high that the bee only 



needs to visit a small number of flowers to fill its corbiculae. 
Furthermore, the collected amount of rewards is not applicable if 
the quantity of reward offered is sufficiently small that the bee 
cannot collect enough to fill its corbiculae. 

With decreasing quality of sugar solution, the average amount 
of pollen collected by the bumblebees is significantly smaller 
(Table 2), although the mean number of visits to flowers offering 
pollen did not alter significantly. This indicates that bees may need 
a certain minimum concentration of sugar solution to successfully 
package pollen into their corbiculae. Indeed, previous studies have 
shown that bumblebees regurgitate nectar for packaging pollen 
into their corbiculae [55-57]. 
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Figure 7. Nectar and pollen collection by individual bees when pollen rewards vary in quantity or quality. Collecting behaviour is 
defined by the amount of reward collected (A, C) and the number of flowers visited (B, D). In each trial, 21 flowers offered a specific amount and 
quality of pollen, and 21 flowers offered a specific amount and quality of sugar solution. Both types of rewards were evenly distributed among the 21 
flowers, respectively. The nectar reward was always 210 nl of 45% sugar solution, offered simultaneously with either 1 of 5 different quantities of 
100% Pinus pollen (A, B) or 1 of 5 different qualities of 1 ml Pinus pollen blended with glass powder (C, D). n= number of bumblebees tested per 
combination. Data are mean values and upper standard deviation. Different letters indicate significant differences at p<0.001 from pairwise 
comparisons using paired t-tests with Bonferroni correction. 
doi:10.1371/journal.pone.0091900.g007 



The quantity of sugar solution or pollen does not alter the 
bumblebees' readiness to collect the reward, which can be 
explained by the fact that the quantities tested exceed the natural 
range of amount of reward per flower. As expected, the bees 
clearly distinguish between different qualities of sugar solution. 
Remarkably, workers tend to collect even more of the 60% sugar 
solution than of the 45% sugar solution. It should be expected that 
the bumblebees completely fill their honey sac when foraging for 
the 45% sugar solution as it already represents an increase as 
compared to the 30% sugar solution constantly offered in the 
feeding box. But it seems that - even while collecting a valuable 



reward - the bumblebees never cease looking out for even better 
reward. This strong preference might be related to individual 
searching behaviour [58] or communication among nestmates 
[59]. 

Our results show that foraging bumblebees respond more 
sensitively to variation in nectar quality than pollen quality. This 
suggests that bumblebees are either less able, or less motivated, to 
discriminate between different qualities of pollen compared to 
sugar solution. While it is doubtful whether bumblebees are able to 
appraise pollen quality because this is defined by its protein 
content and bees probably cannot assess this while foraging. This 
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may be more relevant here since the artificial flowers used in this 
study were made to release the pollen by the bimiblebees' buzzing. 
Moreover, pollen in natural flowers is not mixed with inert or 
nutrient-fi'ee substances and pseudopoUen occurs only in very few 
species, such as Maxillaria orchids [60], whereas dilute nectar 
might be a more common phenomenon. Observed difierences in 
the amounts of pollen blends collected could be due to the fact that 
the bees find it harder and/ or less efficient to collect pollen when 
blends contain a higher ratio of cellulose powder:pollen. While the 
amount of 75% pollen collected is significantly smaller than the 
amount of 100% pollen collected, this does not clarify whether the 
difference is due to collecting efficiency or divergent evaluation of 
the rewards. But the number of visits, a measure for the 
bumblebees' readiness to collect a reward, does not difler 
significandy between 100% and 75% pollen, suggesting that bees 
do not discriminate between the two blends despite their disparity 
in quality. Considering the bees' apparent inability to sense pollen 
quality, how can a pollen-foraging bee be sure that the amount of 
pollen collected represents a sufficient provision for the develop- 
ment of larvae? Solitary bees may overprovision each nest cell so 
that even nutrient-poor pollen would provide enough protein for 
larval development. Alternatively, they may specialize in a 
(monophyletic) group of food plants, usually a family, in which 
the differences in pollen quality are less pronounced; this 
phenomenon has been described as oligolecty [61]. Alternatively, 
soUtary bees may mix pollen from various food plants to provision 
each nest cell [62]. Furthermore, some social bees, including 



honeybees and bumblebees, do not provision each brood cell, but 
rather feed their larvae on demand [1] so that feeding of nutrient- 
poor pollen might be compensated by feeding a larger amount of 
pollen. 

Although many factors such as initial experience [49], storage 
level [22] and quality of available food sources [25] seem to 
influence the foraging specialisations of individual bumblebees, it is 
largely unknown how bees assess the value of pollen sources. This 
study shows that individual bumblebees respond to changes in 
pollen quality, although this is less fine-tuned than the response to 
changes in nectar quality. The differences between the foraging 
rules for pollen and nectar may be highlighted as follows: nectar 
foraging focuses on nectar sources of the highest concentration, 
whereas pollen foraging includes all sources except pollen-free 
sources. Future studies will show whether pollen-foraging bees are 
unexpectedly able to sense pollen quality using visual, olfactory, 
gustatory or tactile cues, or even multimodal combinations of these 
cues, or whether they potentially use another indirect mechanism 
to assess pollen quality. 

Acknowledgments 

Tlie authors thank Robert R. Junker for statistical advice. 

Author Contributions 

Conceived and designed the experiments: IvL. Performed the experiments: 
SK. Analyzed the data: SK. Wrote the paper: KL SK. 



References 

1. Michener CD (2000) The Bees of the World. Baltimore: Johns Hopkins 

University Press. 913 p. 

2. Haydak MH (1970) Honey bcc nutrition. Annu Rev Entomol 1.5: 143-156. 

3. Crailsheim K (1992) I'hc How of jelly within a honeybee eolony. J Gomp 
Physiol B 162: 681-689. 

4. Roulston TH, Cane JH (2000) Pollen nutritional eontent and digestibility for 
animals. Plant Syst Evol 222: 187-209. 

5. Camazinc S, SneydJ (1991) A model of coUeetive nectar souree seleetion by 
honey bees: self-organization through simple rules. J Theor Biol 149: 547—571. 

6. Seeley TD, Camazine S, SneydJ (1991) Collective decision-making in honey 
bees: how colonies choose among nectar sources. Behav Ecol Sociobiol 28: 277- 
290. 

7. Goyret J, Farina WM (2005) Non-random nectar unloading interactions 
between foragers and their receivers in the honeybee hive. Naturwissenschaften 

92: 440-443. 

8. Edwards JR, Myerseough MR (201 1) Intelligent decisions Irom the hive mind: 
foragers and nectar receivers of Apis mdlifem collaborate to optimise active 
forager numbers. J Theor Biol 271: 64-77. 

9. Visscher PK, Seeley TD (1982) Eoraging strategy of honeybee colonies in a 
temperate deciduous forest. Ecology 63: 1790-1801. 

10. Seeley TD (1982) Adaptive significance of the age polyethism schedule in 
honeybee colonies. Behav Ecol Sociobiol 11: 287-293. 

1 1. Robinson GE (1992) Regulation of division of labor in insect societies. Annu Rev 
Entomol 37: 637-665. 

12. Calderone NW, Page RE (1996) I'emporal polyethism and behavioural 
canalization in the honey bee, Apis mellipera. Anim Behav 51: 63-643. 

13. Johnson BR (2010) Division of labor in honeybees: form, ftuiction, and 
proximate mechanisms. Behav Ecol Sociobiol 64: 305—316. 

14. Siegel AJ, Freedman C, Page REJr (2012) Ovarian control of nectar collection 
in the honey bee (Apis melliferd) PLoS One. 2012; 7: e33465. 

15. Koltermann R (1971) Circadian memory rhythm after scent and colour training 
with honey-bees. Z vergl Physiol 75: 49-68. 

16. Scheiner R, Erber J, Page REJr (1999) Tactile learning and the individual 
evaluation of the reward in honey bees {Apis mellifera L.). J Comp Physiol A 185: 
1-10. 

1 7. Farina WM, (iriiter G, Aeosta L, McGabe S (2007) Honeybees learn floral odors 
while receiving nectar from foragers within the hive. Naturwissenschaften 94: 
55-60. 

18. de Vries H, Biesmeijer JG (1998) Modelling collective foraging by means of 
individual behaviour rules in honeybees. Behav Ecol Sociobiol 44: 109-124. 

19. Bodi M, Thenius R, Szopek M, Schmickl T, Crailsheim K (2011) Interaction of 
robot swarms using the honeybee-inspired control algorithm BEEGLUST. 
Mathematical and Computer Modelling of Dynamical Systems 18: 87-101. 

20. Garcia AdevaJJ (2012) Simulation ModeUing of Nectar and Pollen Foraging by 
Honeybees. Biosystems Engineering 112: 304—318. 



21. Schmickl T, Thenius R, Crailsheim K (2012) Swarm-intelligent foraging in 
honeybees: benefits and costs of task-partitioning and environmental fluctua- 
tions. Neural Computing and Applications: Special Issue on Theory and 
applications of swarm intelligence archive 21: 251-268. 

22. Plowright CMS, Gohen-S.almon D, Landry F, Simonds V (1999) Foraging for 
nectar and pollen on thistle flowers [Cirsium vulgare) and artificial flowers: how 
bumble bees [Bombus impatiens) respond to colony requirements. Behaviour 136: 
951-963. 

23. Dornhaus A, Chittka L (2004) Information flow and regulation of foraging 
activity in bumble bees {Bombus spp.). Apidologie 35: 183—192. 

24. Seeley TD (1995) The Wisdom of the Hive. Cambridge, Mass.: Harvard 
University Press. 317 p. 

25. Kitaoka TK, Nieh JG (2009) Bumble bee pollen foraging regulation: role of 
pollen quality, storage levels, and odor. Behav Ecol Sociobiol 63: 501—510. 

26. Townsend-Mehler JM, Dyer FC, Maida K (20 1 1) Deciding when to explore and 
when to persist: a comparison of honeybees and bumblebees in their response to 
downshifts in reward. Behav Ecol Sociobiol 65: 305—331. 

27. Heinrich B (2004) Bumblebee Economics. Cambridge, Mass.: Harvard 
University Press. 245 p. 

28. Page RE, Scheiner R, Erber J, Amdam GV (2006) The developmental evolution 
of division of labor and foraging specialization in a social insect {Apis mellifera L.). 
Curr Top Dev Biol 74: 253-286. 

29. Leonhardt SD, Bluthgen N (2012) The same, but dilferent: pollen foraging in 
honeybee and bumblebee colonies. Apidologie 43: 449-464. 

30. King MJ, Buchmann SL, Spangler H (1996) Activity of asynchronous flight 
muscle from two bee families during sonication (buzzing). J Exp Biol 199: 2317— 
2321. 

31. Stanley RG, Linskens HF (1974) Pollen: Biology, Biochemistry, Management. 
Berlin: Springer. 307 p. 

32. Butier CG (1945) The influence of various physical and biological factors of the 
environment on honeybee activity. An examination of the relationship between 
activity and nectar concentration and abundance. J Exp Biol 21: 5-12- 

33. de Brito Sanchez MG (2011) Taste Perception in honey bees. Chem Senses 36: 
67,5-692. 

34. Dobson HEAd, Berg'strom G (2000) The ecologN' of pollen odors. Plant Syst Evol 
222: 6.3-87. 

35. Schmidt JO, Hanna A (2006) Chemical nature of phagostimulants in pollen 
attiactive to honeybees. J Insect Behav 19: 521-532. 

36. Lehmarm S, Funck D, Szabados L, Rentsch D (2010) Proline metabolism and 
transport in plant development. Amino Acids 39: 949-962. 

37. Weiner CN, Hilpert A, Werner M, Linsenmair KE, Bltltiigen N (2010) Pollen 
amino acids and flower specialisation in solitary bees. Apidologie 41: 476—487. 

38. VVacht S, Lunau K, Hansen K (2000) Chemosensory control of pollen ingestion 
in the hoverfly Eristalis temx L. by labellar taste hairs. J Comp Physiol A 186: 
193-203. 



PLOS ONE I www.plosone.org 



9 



March 2014 | Volume 9 | Issue 3 | e91900 



Rules for Pollen and Nectar Foraging Bumblebees 



39. Carter C, Shafir S, Vaknin L, Palmer RG, Thornburg R (2006) A novel role for 
proline in plant floral nectars. Naturwissenschaften 93: 72—79. 

40. Linander N, de lliarra Nil, Laska M ;2012) Olfactory detectability of L-amino 
acids in the European honeybee (Apis mellifera). Chemical Senses 37: 631—638. 

41. Nefif JL (2008) Components of nest provisioning behavior in solitary bees 
(Hymenoptera: Apoidea). Apidologie 39: 30—45. 

42. Dobson HEM, Peng YS (1997) Digestion of pollen components by larvae of the 
flower-specialist bee Chelostoma Jhrisomne (Hymenoptera: Megachilidae). J Insect 
Physiol 13: 89 100. 

43. Molei Af. C^hilika L, Stclzcr RJ, Strcit S, Raine NE (2008) Colony nutritional 
status modulates worker responses to foraging recruitment pheromone in the 
bumblebee Bojnbus tmestris. Behav Ecol Sociobiol 62: 1919-1926. 

44. Mapalad KS, Leu D, Nieh JC (2008) Bumble bees heat up for high quality 
pollen. J Exp Biol 211: 2239-2242. 

45. Day S, Beyer R, Mercer A, Ogdcn S (1990) The nutrient composition of 
honeybee-collected pollen in Otago, New Zealand. J Apic Res 29: 138-146. 

46. R Development Core Team (2009) R: A Language and Environment for 
Statistical Computing. R Foundation for Statistical Computing, Vienna, Austria. 

47. Pemal SF, Currie RW (2001) The influence of pollen equality on foraging 
behavior in honeybees {Apis tmllifera L.). Behav Ecol Sociobiol 51: 53-68. 

48. Arenas A, Farina WM (2012) Learned olfactory cues Eiffect poUen-foraging 
preferences in honeybees. Anim Behav 83: 1023-1033. 

49. Hagbery J, Nieh JC, (2012) Individual lifetime pollen and nectar foraging 
preferences in bumble bees. Naturwissenschaften 99: 821-832. 

50. Robertson AW, Mountjoy C, Faulkner BE, Roberts MV, Macnair MR (1999) 
Bumble bee selection oi Alimulus guttatus flowers: the effects of pollen quahty and 
reward depletion. Ecology 80: 2594-2606. 



51. Pernal SF, Currie RW (2002) Discrimination and preferences for pollen- based 
cues by foraging honey bees Apis melli/era L. workers. Anim Behav 63: 369—390. 

52. Lunau K (2000) The ecology and evolution of visual pollen s^eJs. Plant Syst 
Evol 222: 89-111. 

53. Lunau K (2007) Stamens and mimic stamens as components of floral colour 
patterns. Botjahrb Syst 127: 13-41. 

54. Smeets P, Duchateau MJ (2003) Longevity of Bombus terrestris workers 
(Hymenoptera: Apidae) in relation to pollen availability, in the absence of 
foraging. Apidologie, 34: 333-337. 

55. Michener CD, Winston ML, Jander R (1978) Pollen manipiilaiion and selected 
activities and structures in the family Apidae. Univ Kans Sei Bull 51: 575—601. 

56. Thorp RW (2000) The collection of pollen by bees. Plant Syst Evol 222: 21 1- 
223. 

57. Raine NE, Chittka L (2007) Pollen foraging: learning a complex motor skill by 
bumblebees {Bombus terrestris). Naturwissenschaften 94: 459-464. 

58. Heinrich B (1979) 'Majoring' and 'minoring' by foraging bumblel^crs, BoDi/ms 
vagnns: an experimental analysis. Ecology 60: 245-255. 

59. Dornhaus A, Chittka L (2001) Food alert in bumblebees {Bombus terrestris): 
possible mechanisms and evolutionary implications. Behav Ecol Sociobiol 50: 
570-576. 

60. Davies KL, Turner MP (2004) Morphology of floral papillae in Maxillaria Ruiz & 
Pav. (Orchidaceae). Ann Bot 93: 75-86. 

61. Scdivy C, Praz CJ, Miiller A, Widmer A, Dorn S (2008) Patterns of host-plant 
choice in bees of the genus Chelostoma: the constraint hypothesis of host-range 
evolution in bees. Evolution 62: 2487-2507. 

62. Budde J, Lunau K (2007) Recipes for a pollen bread — today: Osmia rufa. 
Entomologic Hcute 19: 173-179. 



PLOS ONE I www.plosone.org 



10 



March 2014 | Volume 9 | Issue 3 | e91900 



